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ABSTRACT
The Sumas Stade, the last of the Fraser Glaciation advances, occurred 
between 12,000 and 10,000 years B.P. This study combines previous mapping 
(Easterbrook, 1976; Haugerud, written communication, 1999) with three new tests to 
establish a chronology for events of the Sumas Stade. Comparison of compositions of 
pebbles from Sumas outwash using multivariate statistics such as hierarchical clustering 
and k-means clustering revealed three major groups of late Sumas outwash and one 
earlier deposit. Magnetic susceptibility and Curie temperature analysis determined a 
general British Columbia provenance for the Sumas outwash. Flow direction 
measurements substantiated this determination. Taken together, these tests support the 
Sumas phases proposed by Haugerud and establish Curie temperature analysis as a means 
to help determine provenance of glacial sediment.
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1. INTRODUCTION
“A geologic map is commonly more prediction than depiction. ” (Haugerud,
1998).
Glaciation greatly affected the landscape of Whatcom County throughout the late 
Pleistocene. The Fraser Glaciation began -23,000 ’"‘C years B.P. and encompassed three 
glacial episodes (Easterbrook, 1963, 1971; Armstrong et al., 1965). The last of these 
episodes, the Sumas Stade, involved lobes of the continental glacier that advanced into 
the northern edge of the Nooksack River Valley in Whatcom County, subsequently 
retreating and leaving behind outwash deposits in the Fraser, Sumas, and Nooksack river 
valleys (Easterbrook, 1963, 1976; Armstrong et al., 1965). These deposits contain clues 
that can aid in piecing together the chronology of the Sumas Stade in Whatcom County 
and the Abbotsford, British Columbia area.
This project involves comparison of Sumas outwash deposits of different relative 
ages as mapped by Ralph Haugerud (written communication, 1999), along with sediment 
gathered from possible source areas (Table 1; Figures 1 and 2), to determine if subtle 
differences in the compositions of generally similar deposits can relate to different phases 
of deposition. Three distinct tests can determine whether the deposits were correctly 
grouped by Haugerud (written communication, 1999), indicate the provenance of each 
unit, and may provide insight into the sequence of events during the Sumas Stade. The 
first such test involves a study of the composition of pebbles in mapped outwash units, 
including identification of key components to establish the general provenance of each 
unit and statistical clustering comparisons of the samples to establish groups of 
lithologically similar outwash deposits. The second test measures and identifies the
magnetic mineral components of each mapped unit and compares the units with possible 
source areas to supplement the provenance and clustering data collected from the pebble 
study. The third test measures flow direction of the outwash using flow indicators at 
several sites within the field area. Similar paleoflow directions among several sites may 
result from a distinct phase. These tests help to define the glacial history during the 
Sumas Stade in Whatcom County and contribute data for future research.
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2. GEOLOGIC SETTING
2.1 Quaternary Studies - History
Glacial studies conducted in Whatcom County and southern British Columbia 
have presented evidence supporting glacial advances from both the Mount Baker area and 
the Cordilleran ice sheet in British Columbia (Easterbrook, 1963, 1969, 1971, 1979; 
Armstrong et ah, 1965; Armstrong, 1981; Kovanen and Easterbrook, 1996, 2001).
Early studies of late Pleistocene glacial advances used both relative dating 
techniques and radiocarbon dates to establish a chronology for local glacial episodes. 
Armstrong et al. (1965) described three distinct stades within the Fraser Glaciation, the 
most recent episode of Pleistocene glacial activity. The Evans Creek Stade refers to the 
early alpine glacial advance that signaled the onset of the Fraser Glaciation. This stade 
took place between 23,000 and 18,000 ^'*C years B.P. (Armstrong et al., 1965). The 
alpine glaciers retreated prior to the advance of the Puget Lobe from British Columbia. 
Deposits from the Evans Creek Stade were subsequently eroded by continental ice that 
overtopped lower peaks in the North Cascades, leaving the only remaining discemable 
Evans Creek deposits lying near Mt. Rainier, where the continental ice sheet advanced 
only into the lower valleys (Crandell, 1963; Armstrong et al., 1965). The Vashon Stade is 
this advance of continental ice, the last major advance of the Pleistocene. The Vashon 
Stade took place between 18,000 and 13,000 '"‘C years B.P. (Armstrong et al., 1965; 
Hansen and Easterbrook, 1974; Easterbrook, 1979; Porter and Swanson, 1998). The 
proglacial outwash of the Vashon advance is called the Esperance Sand (Mullineax et al., 
1965). The Everson Interstade refers to the interstadial period associated with the retreat 
of the Vashon ice (Armstrong et al., 1965). The rise in sea-level (perhaps up to -200 m)
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during this period submerged the low-lying regions of Whatcom County and allowed the 
deposition of glaciomarine drift over the earlier glacial deposits (Easterbrook, 1963; 
Armstrong, 1981). After the interstadial period, the glacial ice of the Sumas Stade 
occupied alpine valleys (Kovanen and Easterbrook, 2001) and also encroached upon the 
Nooksack lowland from Canada (Armstrong et al., 1965). Proglacial outwash of the 
Sumas Stade includes a terrace that cuts across the international border near Sumas, 
Washington (Easterbrook, 1963, 1976). Estimates dating the close of the Sumas Stade 
include 11,000- 10,700 *'*C years B.P. (Clague et al., 1997), 10,500 '"'C years B.P. 
(Easterbrook, 1963) and 10,000 '"‘C years B.P. (Easterbrook, 1969; Kovcinen and 
Easterbrook, 1997).
The close of the Sumas Stade also marked the beginning of the Holocene Epoch. 
Cameron (1989) studied the early Holocene alluvial deposits throughout the Sumas 
Valley, from the Fraser River in the north to the Nooksack River to the south. She 
determined that much of the sediment in the southern half of the valley originated from 
the Nooksack River system due to the abundance of volcanic rocks from Mount Baker, a 
stratovolcano located near the headwaters of the Nooksack River (Cameron, 1989).
Researchers have also described the Sumas Stade in greater detail. Armstrong 
(1981) compiled fossil inventories, pebble counts, and radiocarbon dates in the Fraser 
Lowland. His study established an approximate date of 11,000 ’'^C years B.P. for the end 
of the Sumas Stade (Armstrong, 1981). Saunders et al. (1987) described a glacial lake 
that formed during the Sumas Stade in the Chilliwack Valley. This lake emptied during 
deglaciation (Saunders et al., 1987). Clague et al. (1997) described two distinct glacial 
advances within the Sumas Stade. These advances included an episode with glacial ice
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reaching the present location of the Nooksack River near Everson, Washington 
(approximately 10 km south of the U.S.-Canada border), followed by a smaller advance 
that extended approximately five kilometers south of the international border (Clague et 
ah, 1997). Kovanen and Easterbrook (1996) argue that an alpine glacier occupying the 
North Fork Nooksack River Valley during the Sumas Stade terminated near the present- 
day town of Maple Falls, WA.
A preliminary map by Ralph Haugerud (written communication, 1999) divides 
the Sumas Stade into a stratigraphic sequence of six phases. This map, still in progress, 
displays a detailed sequence that provides the model for sampling and testing during this 
project (Figure 2). The nomenclature of this map includes the period, stade, relative age, 
and type of deposit. For example, Qs5ow reads as: Quaternary Period, Sumas Stade, 
phase 5, outwash (Haugerud, written communication, 1999). The “5c” in Qs5cow refers 
to a late subphase of phase 5. The exception of this system is Qs4ow, described in the 
legend as “alluvium” (Haugerud, written communication, 2000).
2.2 Local Geology/Bedrock Types
The regional diversity in bedrock types may allow the determination of 
provenance for outwash deposits based upon the lithology of the sediment. Quaternary 
deposits cover much of the bedrock in the study area (Easterbrook, 1976; Roddick et al., 
1979; Haugerud, written communication, 1999). Bedrock outcrops surrounding Sumas 
Valley include the quartz diorite of the Coast Plutonic Complex to the north (Sumas 
Mountain, B.C.), and the clastic sedimentary rocks of the Chuckanut Formation along the 
east and south sides of the valley (Easterbrook, 1976; Roddick et al., 1979). The
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metaquartz diorite and amphibolite of the Vedder Mountain Formation also lie adjacent 
to Sumas Valley (Roddick et ah, 1979; Monger, 1989).
The Scuzzy and Spuzzum Plutons, which extend into the Coast Mountains to the 
north of the study area, are composed chiefly of quartz diorite, diorite, granodiorite, and 
quartz monzonite (Monger, 1989). Other rocks to the north include the felsic volcanic 
flows of the Harrison Lake Formation (Roddick et ah, 1979; Monger, 1989).
The Nooksack Group, Chilliwack Group, and Cultus Formation, all located east 
of the study area, extend from the Nooksack River drainage into the Fraser River 
drainage (Roddick et al., 1979; Brown et ah, 1986; Monger, 1989). The Nooksack 
Group, cropping out adjacent to the Vedder Complex on Sumas Mountain as well as near 
Mount Baker, consists of greywacke, slate, and phyllite (Easterbrook, 1963; Roddick et 
ah, 1979; Brown et ah, 1986). The greywacke, argillite, chert, volcanic, and granitic 
plutonic rocks of the Chilliwack Group range from the Fraser River through the Cascade 
Mountains (Roddick et al., 1979; Brown et al., 1986; Monger, 1989). The Cultus 
Formation contains chiefly argillite, sandstone, and some carbonate rocks (Roddick et al., 
1979; Brown et al., 1986; Monger, 1989).
Three major rock units crop out either within, or to the south of, the Nooksack 
River drainage system. The volcanic rocks of Mount Baker consist of porphyritic 
andesite and basalt (Coombs, 1939; Easterbrook, 1975; Roddick et al., 1979; Brown et 
ah, 1986; Hildreth, 1996). The Twin Sisters range, located at the headwaters of the 
Middle Fork of the Nooksack River, consists of dunite (Roddick et ah, 1979; Brown et 
ah, 1986). The Darrington Phyllite appears to the south of the study area and consists of 
phyllite, greenschist, and slate (Easterbrook, 1963; Roddick et ah, 1979; Brown et al..
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1986). Deposits containing abundant pebbles from these three units possess a Nooksack 
River drainage provenance (Kovanen and Easterbrook, 2001). The relative abundance of 
other types of pebbles, particularly those from outcrops north of the study area, may 
indicate a British Columbia provenance.
2.3 Glacial Outwash
Glacial outwash is the sand and gravel deposited by meltwater streams beyond the 
toe of the glacier. The meltwater systems responsible for outwash deposition typically 
possess three distinct morphological zones, based on proximity to the glacier and channel 
characteristics (Krigstrom, 1962). The proximal zone, closest to the glacier, typically 
contains a few narrow, deep channels (Krigstrom, 1962). The intermediate zone is the 
braided stream system within a broad plain farther away from the ice’s margin 
(Krigstrom, 1962). Also, within ablation areas, flow from valley sides can be a 
significant contributor to local debris (Evenson and Clinch, 1987). This study included 
deposits in both the proximal and intermediate zones. The distal zone refers to the region 
of sheetflow beyond the extent of the intermediate zone (Krigstrom, 1962).
Outwash terraces, such as those present along the Sumas Valley, form when a 
new stream channel incises into a pre-existing outwash plain and creates a new outwash 
plain (Figure 3). Subsequent stream incisions can result in a series of outwash terraces 
formed along either side of the current floodplain.
Glacial outwash, like other fluvial deposits, possesses flow indicators such as 
cross-bedding and pebble imbrication. Although the channels, braided streams, and 
sheetflow associated with glacial outwash systems result in a wide-ranging set of
7
individual flow directions, the indicators, taken as a whole, may provide a general sense 
of paleoflow direction.
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3. SITE DESCRIPTIONS
The majority of the sites in this study lie in the Sumas Valley, a broad lowland 
stretching between the Fraser River in British Columbia to the Nooksack River in 
Whatcom County, Washington. Sites located outside the general vicinity of the Sumas 
Valley include sample sites in the North, Middle, and South Fork Nooksack River 
Valleys, the Fraser River near Hope, B.C., and the Columbia Valley. These sites (Figure 
1), each containing deposits with a variety of local bedrock, represent some potential 
source regions for the Sumas outwash.
3.1 Outwash Sites
The sites chosen for this study all lie within Sumas outwash units as mapped by 
Haugerud (written communication, 1999) with the following exceptions. Sites 2 and 4, 
located within an outwash unit in the North Fork Nooksack River Valley, allowed the 
comparison of variability of data within an outwash unit to the variability of data between 
outwash units. Also, these two sites, along with sites 13 and 14, allowed the comparison 
of outwash taken from the North Fork, South Fork, and Columbia Valleys to the mapped 
Sumas outwash (Table 1). The following detailed stratigraphic description of site 4 
precedes the general descriptions of the remaining sites.
Site 4
The gravel pit on North Fork Road ten kilometers from Mosquito Lake Road 
(Figure 1) serves as a typical example of glacial outwash. The following detailed 
description serves as the model for the remaining sites, particularly those at gravel pits. 
The sites at gravel pits display similar characteristics to site 4 but also possess distinct 
features.
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The exposed section at site 4 is semicircular, starting from the north side of the pit 
and continuing counterclockwise through the west side of the pit to the south side. The 
exposure at the north wall of the gravel pit displays seven distinct units within a four- 
meter section (Figure 4). Similarities among all seven units include clast surface texture, 
angularity, and composition. Pebble clast surface texture ranges from smooth to rough, 
while angularity ranges from rounded to subangular. The rounder clasts also tend to be 
the smoother clasts. Composition of the clasts appears diverse in all seven units and 
includes several types of igneous and sedimentary rocks. All seven units lack appreciable 
clay.
Each unit also possesses unique characteristics. The bottommost unit (unit A) 
consists mostly of pebble-sized clasts with some granules and the occasional cobble 
supported by a sandy matrix. Sorting is poor. Clast form ranges from bladed to equant, 
with few rods and rare (<1%) disks. The granules in unit A fine upward toward unit B. 
Unit B resembles unit A except that sand is more abundant in unit B. Progressively 
fewer granules appear upsection from unit A to unit B. An abrupt contact separates units 
B and C (Figure 5). Unit C consists of pebbles with few granules. This well-sorted bed 
possesses no sandy matrix. Another abrupt contact separates unit C from the overlying 
unit D sediment (Figure 5). Unit D appears much like unit A, although stratified sand 
lenses appear in unit D. The very thin-bedded strata reach a maximum lens thickness of 
6 cm and up to 2 meters in length. The lenses consist of well-sorted medium sand. Unit 
D also possesses lenses of pebbles that are similar in size and shape to the gravel of unit 
C. Unit E consists of cross-stratified gravel ranging from small pebbles to large pebbles 
with cobbles (Figure 6). The lower strata contain larger gravel than the higher strata.
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Both stratum types lack a sandy matrix. Some of the small-clast strata contain larger 
pebbles along the bases. The crossbeds of unit E pinch out as the exposed wall curves to 
the west. Unit F possesses traits of two of the other units: the basic form and gravel 
lenses of unit D and the granule-poor sandy matrix of unit B. The soil developed on the 
present surface comprises unit G, with organic matter mixed with the sediment and 
broken roots present throughout the unit.
Site 1
This gravel pit, located on Vye Road (Figure 1), serves as the municipal quarry 
for Abbotsford, B.C. The general stratigraphy consists of sandy strata interbedded with 
clast-supported gravel with a sandy matrix. The sandy beds display discontinuous 
crossbedding (Figure 7).
Site 2
This site is a large gravel pit on the south side of State Route 542 just to the west 
of Maple Falls (Figure 1). It consists predominantly of clast-supported, stratified pebbles 
and cobbles with a sandy matrix. The reddish-brown soil horizon encroaches about one- 
half meter into the outwash. A finer unit, ranging between 10 to 15 centimeters in 
thickness and composed of fine sand to clay-sized particles, appears discontinuously 
between two and three meters below the top of the quarry walls. Figure 8 shows one of 
these fine deposits underlying crossbedded gravel.
Site 3
This horseshoe-shaped gravel pit located northeast of the town of Nooksack 
(Figure 1) contains clast-supported, stratified gravel with a sandy matrix. The soil at this 
location is approximately one-half meter deep. A second soil bed (Figure 9) appears one
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meter below the first. This second soil bed directly underlies sixty centimeters of 
crossbedded sand (Figure 9). Sand lenses with cross-strata appear below the second soil 
horizon throughout the gravel pit. The beds below the second soil horizon provided the 
sample for this study.
Site 5
This site, another gravel pit northeast of Nooksack (Figure 1), is approximately 25 
meters deep with high (20m) talus slopes. The cross-strata (Figure 10) chiefly consist of 
coarse sand and granules with clast-supported pebbles and cobbles.
Site 7
The walls of the large gravel pit located approximately six kilometers west- 
southwest of Sumas (Figure 1) display abundant paleoflow indicators, including cross­
strata, pebble imbrication, and a large sand lens lying two meters below the surface that 
exhibits wedge cross-stratification (Figure 11).
Site 8
This site is at the east face of the hill overlooking the Sumas border crossing from 
the west (Figure 1). The poorly sorted sediment consists of a sandy clay matrix 
supporting pebble-sized clasts. No stratification is apparent. These characteristics 
suggest ice-contact deposition.
Site 9
This defunct gravel pit located on the east side of Halverstick Road (Figure 1) 
consists of clast-supported pebbles and cobbles in a sandy matrix. The soil horizon 
extends one-half meter from the surface. A sand lens lies between two and three meters
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below the soil horizon. The only wall resides on the east side of the pit and displays 
trough cross-strata dipping in opposite directions (Figure 12).
Site 10
This site, a working gravel pit, lies just north of the international border on Short 
Street, approximately 4 kilometers west of Sumas. The majority of the section contains 
clast-supported pebbles and cobbles with a coarse sand to granule matrix. The deposit 
lacks fines. The scarp displays a deep (3m) soil horizon. Fine material, washed out by 
rain, “veils” the wall and obscures the underlying exposures. Scraping to expose the 
deposit through this fine coating reveals graded bedding (Figure 13). A well-sorted sand 
lens appears at the southern end of the gravel pit. Sampling and measurements occurred 
along the bottom of the unusually high (25m) scarp.
Site 11
This site is also located immediately to the north of the U.S.-Canada border, 
approximately two kilometers west of site 10. This gravel pit on Clearbrook Road 
displays interbedded sand and gravel with a sandy matrix. The gravel is mostly clast- 
supported with some matrix-supported pebbles in the sandier beds. Figure 14 shows the 
cross-strata present in the sandier beds.
Site 12
Site 12, a gravel pit located on Columbia Street about three kilometers north of 
the international border (Figure 1), displays both clast- and matrix- supported gravel 
within a sandy matrix (Figure 15). Few sand lenses are interbedded with this gravel. 
Orange stains, presumably from oxidation, appear directly below the soil horizon. The 
outwash contacts a massive, unstratified unit along the eastern side of the gravel pit.
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Site 13
This site, located at a gravel pit along Doran Road, serves as the sample site for 
outwash related to the South Fork of the Nooksack River (Table 1; Figure 1). The 
deposit primarily consists of stratified sand and gravel with some interbedded silt. Cross­
strata appear within the silty sand matrix.
Site 15
This site, located near Axton Road (Figure 1), lies within a low wetlands channel 
mapped as Sumas alluvium by Haugerud (written communication, 1999). The clayey soil 
is interrupted by outcrops of Tertiary sandstone and does not contain appreciable gravel. 
This soil provided the sample for the rock magnetism study.
Site 16
The outwash deposit at this site, a gravel pit located in Abbotsford, B.C. (Figure 
1), overlies a five-meter thick silty clay deposit interbedded with sandier strata and lenses 
(Figure 17). These sandy features occur more frequently toward the base of this five- 
meter unit. Figure 18 shows rippled contacts between the sandy beds and the 
surrounding silty clay.
Site 17
This site, the scarp of a recently excavated hillside in Claybum, B.C. (Figure 1), 
contains gravel within a matrix consisting primarily of sand with few silt or clay beds.
Site 18
This site lies within a dairy field southwest of Sumas. The recently quarried 
deposit, located on the east side of Van Buren Road (Figure 1), includes clast-supported 
gravel with a sandy matrix.
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Site 19
This two-meter hole in the ground north of Pangbom Road (Figure 1) allowed 
sampling of the late Sumas outwash unit (Haugerud, written communication, 1999) 
located to the south of Judson Lake. The gravel contains more cobbles than pebbles, and 
the matrix is a silty soil.
Site 20
This site is an abandoned gravel pit at the comer of 272"'* & 8'*’ near Aldergrove, 
B.C. (Figure 1). Figure 19 shows the east scarp. The deposit consists of clast-supported 
pebbles and cobbles in a sandy matrix with cross-strata.
Site 21
The scarp along the terrace (Figure 20) near the Abbotsford-Mission Highway 
(Figure 1) served as a sampling site. This location displays clast-supported pebbles and 
cobbles in a sandy matrix with a 0.75 meter soil horizon.
Site 24
This site is located within an early Sumas outwash unit as mapped by Haugerud 
(written communication, 1999) near Sunset Pond (Figure 1). Present-day Squalicum 
Creek flows through this unit.
3.2 Modern Stream Sites
The sites listed below provide samples of modem day gravels to compare with the 
gravels taken from the outwash sites. The samples from these sites, each containing local 
bedrock that predates the Sumas Stade, also represent compositions related to possible 
sources for Sumas outwash.
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Site 6
This site, located on a Nooksack River point bar immediately downstream of 
Everson (Figure 1), provides a sample of modern-day Nooksack river deposits. The 
deposit consists primarily of cobbles and pebbles in a matrix of medium sand.
Site 22
This site, along the North Fork of the Nooksack River, provides a sample of 
modem sediment from the North Fork of the Nooksack River Valley. Figure 21 shows 
the sample site, located along state Highway 542 west of Glacier, WA (Figure 1).
Site 23
The sample taken along the Middle Fork of the Nooksack River represents the 
modem Middle Fork of the Nooksack River Valley sediment. The site is located 
upstream from the Mosquito Lake Road bridge (Table 1; Figure 1).
Site 25
This sample taken from this site represents modem Fraser River sediment. The 
site lies along the banks of the Fraser River near Hope, B.C. (Figure 1).
Site 14
The Whatcom County gravel pit east of Sumas (Figure 1) lies within Columbia 
Valley. The deposit is chiefly gravel in a sand and silt matrix (Figure 16). The sediment 
is moderately sorted, showing clast support in some places and matrix support in others. 
The exposure displays indistinct strata. The deposit contains an abundance of friable 
mudstone. This mudstone, appearing both among the clasts and as part of the matrix, 
suggests a localized source due to its easily weathered fragments.
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4. PEBBLE STUDY
Previous pebble counts of the Sumas outwash, conducted both in British 
Columbia (Armstrong, 1981) and in Whatcom County (Easterbrook, 1963), established a 
British Columbia provenance for the outwash, particularly the Coast Mountains and 
British Columbia Cascades, based on indicator pebble compositions associated both with 
this established provenance (e.g., quartzite) and with a Nooksack River provenance. The 
deficiency of Nooksack River indicator pebbles in the outwash relative to the amount of 
those indicative of a British Columbia provenance led to this establishment of provenance 
(Easterbrook, 1963; Armstrong, 1981).
McCammon (1961) analyzed Wisconsin outwash deposits in Indiana. His study 
categorized pebbles between 16 and 32 mm to compare the amount of local bedrock 
present in different outwash units relative to bedrock types found outside his study area. 
His use of a few general rock categories, rather than categories of many individual 
formations, provided a means of differentiating the rock types quantitatively by resulting 
in significant counts, given the sample sizes taken (McCammon, 1961). McCammon’s 
(1961) study provided the model for sampling and categorization of the pebbles used in 
the present study. My study, like the McCammon (1961) study, attempts to distinguish 
between different stages of the Sumas Stade based on the composition of the gravel.
4.1 Sampling
The first step in the pebble study involved field collection from each of the Sumas 
outwash units as mapped by Haugerud (written communication, 1999). Sampling took 
place, wherever accessible, within each mapped outwash unit. Much of the Sumas 
outwash lies on private property, requiring special permission for sampling. Gravel pits.
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riverbanks, and construction sites provided the best access to the outwash. Some mapped 
units contained more than one sample site (e.g. sites 3 & 5 within unit Qs5ow (Figure 2; 
Haugerud (written communication, 1999)). This multiplicity allowed comparison of 
compositional variability within each mapped unit as opposed to the variability between 
units.
Beds deemed suitable for sampling included those displaying evidence of fluvial 
deposition such as paleoflow indicators and the absence of fine material. Oxidized soils 
were not suitable for sampling due to the wide range of weathering rates among various 
rock types. Accessibility and safety were also considerations during sampling.
Sampling involved shoveling outwash material into coarse sieves. The two 
sieves, 32 mm and 16 mm respectively, filtered out the desired range of grain sizes.
These medium-sized pebbles possessed two traits useful for the study. First, the pebbles 
were small enough to allow the transport, by car, of a statistically significant sample.
They were also large enough to identify efficiently in hand sample.
A volumetrically marked bucket (approximately 8 liters) allowed quick 
determination of sample size. Each sample site yielded a sample of at least 400 pebbles 
to limit the compositional proportion error to plus or minus five percent at the 95% 
confidence level (VanderPlas and Tobi, 1965).
4.2 Pebble Analysis 
4.2.1 Pebble Counting
The initial sorting categorized the pebbles of each sample to compare the 
similarity of samples taken from the same mapped outwash unit with the similarity of 
samples taken from different units. The use of eight lithologic categories developed
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through the initial sorting process, including granitic, volcanic, metamorphic, 
conglomerate, sandstone, mudstone, quartz, and quartzite, allowed comparison of these 
samples and provided a basis for the refinement of the pebble counts.
Consistent use of the lithologic categories was the most desired trait of the pebble 
study. Any comparative study relies on the consistent use of its established criteria.
Since the categorization of the pebbles falls under the discretion and judgment of the 
researcher, all of the samples should be examined in as short a period as feasible (e.g., 
one sample per day). This practice keeps previous sorting decisions fresh in the mind of 
the researcher, increasing the consistency of sorting for all of the samples. In this study, 
all samples except those from sites 1 through 6 underwent the initial sorting process in 
this fashion. The alignment of data from sites 1 through 6 took place during the 
refinement.
4.2.2 Thin-sections
Thin sections provided a closer look at a few of the pebbles and helped to refine 
the pebble counts. For example, an observation that the mudstone category contained 
more than one type of “dark rock” led to the thin sections that helped to distinguish a 
dark blue chert pebble from argillite (Figures 22(a) and 22(b)), establishing separate 
categories for the two rock types. They also distinguished a Mount Baker-area andesite 
pebble (Figure 23(a)) from a meta-andesite pebble (Figures 23(b)). Thin-section analysis 
also revealed the subtle differences among similar pebbles. Figures 24(a) and 24(b) show 
the different deformation levels in two granitic pebbles that appear similar in hand 
sample.
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4.2.3 Refinement
A re-examination of the pebbles provided three refinements to the pebble study. 
Three new categories related to provenance. Mount Baker-area volcanic rocks, 
porphyritic dacite, and chert, added helpful data to the pebble study. An exhaustive re­
examination of samples 1 through 6, pebbles previously counted months before the other 
samples, eliminated any categorical differences between those samples and the remaining 
pebbles. This restudy allowed the statistical comparison of all the samples to proceed 
without categorical conflicts. Also, during the refinement process, I discovered 
erroneously categorized pebbles within each sample and corrected the counts.
4.2,4 Rock-type Categories
The refinement of the pebble counts resulted in a total of eleven categories into 
which to sort the samples. Table 2 lists these categories along with the refined pebble 
counts for each site. Most of these categories, present in both British Columbia and the 
Nooksack drainage, represent mostly “non-indicator” stones in terms of provenance, but 
are quite useful to establish a basis of comparison for the samples.
Igneous Rocks
The granitic category includes coarse-grained plutonic rocks ranging in 
composition from diorite to granite. This category includes both unaltered pebbles and 
slightly deformed granitic pebbles, such as the thin-sectioned pebble in Figure 24(b), due 
to the similarity of these pebbles in hand sample.
The porphyritic dacite category includes fine-grained pebbles with a light-colored 
(typically pale green to gray) groundmass and a few large (>0.5 cm) quartz and feldspar 
phenocrysts. The presence of the quartz phenocrysts, absent or very rare in Mount Baker
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rhyodacite lavas (Hildreth, 1996), distinguishes this category from the Mount Baker-area 
volcanic rocks. The Mount Baker-area volcanic category, identified by a medium gray to 
reddish-black fine-grained groundmass with predominantly plagioclase and amphibole 
phenocrysts (Coombs, 1939; Hildreth, 1996), includes vesicular pyroclastic rocks and 
andesitic to rhyodacitic lavas.
The “other igneous” category includes fine-grained andesite and basalt that lack 
the plagioclase phenocrysts of the Mount Baker-area volcanic category. This category 
also includes slightly altered metavolcanic rocks (Figure 23(b)) that do not show distinct 
metamorphism in hand sample, as well as coarse-grained mafic and ultramafic rocks. 
Sedimentary Rocks
The conglomerate category includes breccia and pebbly sandstone. The pebbly 
sandstone placed within the conglomerate category do not include sandstone pebbles that 
display only one granule or pebble clast, which could be an anomalous rock fragment in 
an otherwise well-sorted sandstone.
The sandstone category includes this one-clast sandstone along with well- to 
moderately-sorted sandstone. This category includes both lithic and feldspathic 
sandstone as well as meta-sandstone that does not show distinct metamorphism in hand 
sample. Pebbles that display a predominant grain-size smaller than very fine sand are 
placed into the mudstone category. The mudstone category includes non-cherty argillite 
such as that in Figure 22(b), siltstone, and shale.
The quartzite category includes both sedimentary and metamorphic quartzite. 
These pebbles, typically buff-colored to gray, are distinguished from the sandstone and 
mudstone categories by their characteristic “sugary” texture (recrystallized quartz and
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quartz sand with overgrowth cement) and the lack of appreciable lithic fragments or 
feldspar grains.
Chert, more common in British Columbia than in the Mount Baker region 
(Easterbrook, 1963), includes gray chert pebbles and the dark blue chert pebbles removed 
from the mudstone category during the refinement process. The gray chert pebbles are 
distinguished from quartzite due to the waxy and smooth appearance of the 
microcrystalline structure of chert in hand sample.
Metamorphic Rocks
The metamorphic category includes distinctly foliated (i.e., recognizable in hand 
sample) gneiss, schist, and phyllite. This category does not, however, include the slightly 
altered granitic rocks, sandstone, or volcanic rocks that require thin-section analysis to 
reveal the deformation.
Quartz pebbles, most likely derived from veins, constitute the final category.
These pebbles do not display the recrystallization of those placed in the quartzite 
category.
4.3 Statistical Analysis
Cluster analysis was used to compare the pebble samples by grouping samples 
showing the most similarity with respect to categorical proportions. Cluster analysis is a 
type of multivariate statistics that combines different groups based on the similarity of 
observations (Stockburger, 1997). Observations are clustered together into larger groups 
that exhibit more similarity within the group than with other major groups. The variety 
of options available regarding cluster analysis methodology allows the researcher to 
compare the groups formed using different statistical tools. For this study, the use of
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both hierarchical clustering and k-means clustering provided corroboration for the 
resulting clusters.
4.3.1 Hierarchical Clustering
Hierarchical clustering begins with all of the samples as separate entities. It then 
combines the two most similar samples into a cluster. The algorithm, now treating the 
cluster as an individual sample, then lowers the criterion for furthering clustering until 
two more clusters or samples are combined. This process continues until every sample is 
included in the cluster (Stockburger, 1997).
The criterion used for this type of analysis is Euclidean distance. Euclidean 
distance, represented in two dimensions by the Pythagorean theorem, expands to include 
as many variables as needed (e.g., the eleven pebble categories in this study). Since this 
criterion can be used with raw (not standardized) data, samples can be added or removed 
without affecting the distances between the other samples. The average linkage rule 
provided the basis for clustering combined groups of samples. This rule uses the average 
of the variables within the existing cluster to determine the distance to other clusters and 
remaining samples (Stockburger, 1997).
Hierarchical clustering was used to examine three ranges of samples during this 
study. The first run clustered all of the pebble samples taken within the outwash units 
mapped by Haugerud (written communication, 1999). The second run added sites 2, 4, 
and 6, allowing comparison of all of the outwash sites and the Nooksack River gravel. 
The third run included all of the pebble samples, incorporating the source valleys into the 
test.
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4.3.2 K-means Clustering
K-means clustering groups samples together based on the number of clusters 
required by the researcher. In the case of this study, the number of clusters should be 
sufficient to separate the Sumas outwash gravels from the all of the modem gravels. The 
algorithm arranges the samples into the established number of clusters to both minimize 
the variability within each cluster and maximize the variability between the clusters 
(Stockburger, 1997). The k-means test included runs from three to eight clusters using 
the same three ranges of samples as those used during the hierarchical clustering test.
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4.4 Results
The computer program S-plus 2000 performed the statistical analyses. The all- 
inclusive range used during the hierarchical test coupled with the k-means test using eight 
clusters provided the most comprehensive statistical analysis.
Table 2 presents the raw data from the refined pebble counts. The hierarchical 
dendogram (Figure 25) of the pebble samples displays the clustering relationship of the 
Sumas outwash sites, Nooksack River gravel, and several samples from possible source 
regions. Table 3 displays the k-means clustering results, with Table 3(a) showing the 
clustering of the sites within a 3 to 8 cluster range, and Table 3(b) showing the clusters 
formed during the 8 cluster test, with the modem gravel sites clustered separately from all 
of the Sumas outwash sites.
4.5 Interpretation
The statistical analyses suggest the presence of three major groups and several 
outlying samples. These groups result from relative similarity in the overall composition 
of the outwash samples regardless of the presence or absence any particular lithology. 
Also, samples taken from sites within the same outwash unit, such as sites 3 and 5, 2 and 
4, and 11 and 12, cluster together by the program prior to grouping with any other 
samples. This behavior establishes, for the purposes of this study, the ability of a single 
sample to represent a mapped unit. Also, the similarity of sites 16 and 17, reflected by 
the hierarchical dendogram, suggests that they, too, lie within the same outwash unit.
4.5.1 Group A
Group A includes four sites (7, 10,11, and 12) near the international border.
These sites are tightly clustered and all but site 10 fall within Qs5ow units. Site 10 lies
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within a Qs5cow unit near the contact between Qs5ow and QsScow. In fact, group A 
doesn’t cluster with group C on the dendogram until site 21 is included with the group C 
cluster. The Qs5ow unit containing site 7 was subsequently cut off from the rest of the 
group A sites by the later Sumas outwash containing site 19. Again, the group A and 
group B clusters, both within Qs5ow units, may have been deposited during the same 
episode but in different places resulting in their divergent placement within the 
dendogram and separate grouping by the k-means test.
4.5.2 Group B
Group B contains sites 3 and 5, and, to a lesser degree, site 1. Samples 3 and 5, 
taken from an isolated outwash unit lying near the Nooksack River to the southeast of 
similarly-mapped units, contains somewhat more quartz and quartzite than similarly 
mapped outwash. The Nooksack River gravel (site 6) clustered with group B, although 
the long link on the dendogram indicates that the similarity between the two gravels is 
only slightly greater than the similarity between the Nooksack River and the remainder of 
the mapped Sumas outwash units. This subtle similarity may be the result of continental 
glaciers feeding sediment, such as quartzite, into the Nooksack River drainage (Kovanen 
and Easterbrook, 2001).
Site 21 lies within group C in the hierarchical clusters but joined with the samples 
of group B during some of the early (3 to 5 clusters (Table 3(a)) k-means runs. This 
instability, while not fully eliminating site 21 from the attachment to group C, keeps the 
interpretation involving the site mostly speculative.
Sites 3 and 5 lie within a Qs5ow unit as mapped by Haugerud (written 
communication, 1999). Since the distinction between these sites and others within
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similarly mapped units may relate to the position of sites 3 and 5 relative to the Nooksack 
drainage and the adjacent Cascade mountains, remapping the unit with regard to its place 
within the Sumas Stade chronology does not seem justifiable.
4.5.3 Group C
Group C, the largest of the three, contains all of the sites located within units 
labeled Qs6ow as well as the sites mapped as QsScow and a Qs5ow site (site 9). These 
units represent the latest of the Sumas outwash as mapped by Haugerud (written 
communication, 1999).
Group C comprises two separate but compositionally similar arms of a late Sumas 
outwash system that appear to cut through other Sumas deposits. Sites 18 and 19 are 
both located within the southern arm of the system along with site 9, which is located on 
a small knob mapped as Qs5ow by Haugerud (written communication, 1999). These 
three sites clustered very tightly on the hierarchical dendogram. Sites 16 and 17 are the 
two most similar sites in the study according to hierarchical clustering analysis. The 
northern arm contains site 16 within a Qs6ow unit and site 17 located in a Qs5cow unit.
Sites 2 and 4, located in an outwash deposit near Maple Falls, Washington, cluster 
with the Sumas outwash sites of group C. These two sites, although located farther up 
the Nooksack Valley than the other outwash deposits, contain pebbles related to a British 
Columbia provenance (e.g., quartzite). Sites 2 and 4 may contain sediments from both an 
earlier continental advance (possibly Vashon) and subsequent Nooksack Valley 
glaciation (described by Kovanen and Easterbrook, 1996, 2001).
Site 21, not grouped quite as strongly as the others, clustered with another 
Qs5cow site (site 1) during some of the k-means cluster tests. As stated before, the weak
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clustering of site 21 with group B during the k-means test questions the exact placement 
of site 21.
The correlation between Haugerud’s map (written communication, 1999)(Figure 
2) and group C involves the eombination of the QsScow units represented by group C 
sites (except for the unit containing site 21) with the Qs6ow units. The compositional 
similarity among the southern arm sites (9, 18, and 19) warrants the inclusion of the 
Qs5ow unit (site 9) into the latest of the Sumas outwash. The northern arm Qs6ow unit 
and the QsScow unit can also be placed into the “latest of the Sumas outwash” category. 
Subsequent Holocene deposits cut into these highly similar gravels (Haugerud, written 
communication, 1999), causing a discontinuity in the exposure of this late Sumas deposit. 
4.5.4 Outliers 
Site 25
The Fraser River source gravel (site 25), the first modem stream site to be 
clustered by the hierarehical analysis, clustered with the previously combined cluster of 
groups A and C. This clustering sequence shows that the two groups were closer to each 
other in composition than to site 25. This sequence also demonstrates that, while the 
Fraser River Valley had a greater impact upon the composition of the late Sumas outwash 
than the Nooksack River Valley, the incorporation of Canadian bedrock from sources 
outside the Fraser River Valley (e.g., granitic plutonic and sedimentary rocks), as well as 
minor amounts of pebbles from the Nooksack drainage (e.g.. Mount Baker rocks), created 
a compositional identity for the Sumas outwash apart from the Hope, B.C., gravel.
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Site 20
Site 20, located in the Qs3ow unit to the west of Abbotsford, B.C., combines with 
the cluster formed by groups A, C, and site 25. This site falls under the same k-means 
cluster as group A but cannot be included with the group because the cluster is not 
corroborated by the hierarchical clustering test. Since site 20 does not cluster with 
groups A and C until the Hope, B.C., gravel is clustered with them, it differs from the rest 
of the outwash sites. Site 20 is not as similar to the Hope, B.C., gravel as the other 
outwash sites are. The relative abundance of granitic plutonic rocks may indicate a 
northerly influence (i.e.. Coast Plutonic Complex) on the source of the gravel at site 20. 
This compositional divergence of the Qs3ow unit suggests that it is probably a product of 
a different phase in the Sumas Stade than the Qs5ow, QsScow, and Qs6ow units.
Site 6
Site 6, the Nooksack River site, clusters very weakly with group B on the 
dendogram but combines with site 22 in the k-means test. These different clustering 
results may be due to the presence of both Mount Baker-area volcanic rocks and quartzite 
in the gravel of site 6. Site 6 contains much more Mount Baker-area volcanic rocks than 
any of the three groupings of outwash, including group B. This abundance of Mount 
Baker rocks also appears in site 22, the North Fork source site. Quartzite, however, while 
lacking at site 22, appears both at the sites of the Sumas outwash groups and at site 6.
The Mount Baker component in the river gravel results from the contribution of the 
present-day upper-Nooksack drainage system, particularly the North and Middle Forks. 
The quartzite component of the site 6 gravel may originate from pre-existing continental 
(Kovanen and Easterbrook, 2001) glacial deposits (possibly Vashon) that were
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subsequently incorporated into the river gravel as the Nooksack River established its 
present course.
Site 13
Site 13, representing the South Fork of the Nooksack River, loosely clusters with 
site 6 in the hierarchical test, separate from the North and Middle Forks (sites 22 and 23, 
respectively) as well as the Sumas outwash groups. The k-means test places site 13 into 
its own group, however, and illustrates an important point about hierarchical clustering. 
Eventually, even the most disparate sites will be placed in the dendogram. The main 
difference between site 13 and the Sumas outwash is the relative abundance of 
metamorphics present in the South Fork gravel. Another notable feature of site 13 is the 
abundance of vein quartz, present in smaller amounts in the Nooksack River gravel. The 
clustering of site 13 with the Nooksack River gravel, while loose, suggests the influence 
of the South Fork on the composition of the river gravel.
Sites 22 and 23
Sites 22 and 23, representing the North and Middle Forks of the Nooksack River, 
respectively, cluster together quickly but not with any outwash sites until the Nooksack 
River site (6) finally clusters together with all three Sumas groups. The k-means test 
places the two sites in separate categories, with site 22 clustered with site 6. The close 
hierarchical relationship between the two sites relative to their apparent isolation from the 
Sumas outwash results from the higher proportion of Mount Baker-area volcanic rocks at 
sites 22 and 23 than that found in the Sumas outwash. The other igneous rocks at site 23, 
mostly Twin Sisters dunite, probably cause the separation between the two sites by the k- 
means clustering test.
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Site 14
The farthest outlier of all of the sites is site 14, sampled in the Columbia Valley. 
This site is the last site to be placed in the dendogram, with the loosest link on the chart.
It is also the first site to be excluded by early k-means analyses. The reason is the 
overwhelming abundance (45%) of friable mudstone in the gravel. This profusion of 
such easily weathered rocks, represented to lesser degree in the other pebble samples, 
suggests a localized source. Aside from the increased mudstone content, the composition 
of the pebbles at site 14 appears to be similar to that of the outwash gravels. These other 
pebbles may have been deposited in Columbia Valley through its northern end, possibly 
during the Sumas Stade.
4.5.5 General Provenance
This pebble study suggests a British Columbia provenance for the Sumas outwash 
as mapped by Haugerud (written communication, 1999). The Sumas sites show more 
statistical similarity to the Hope, B.C., gravel than to the gravel taken from the Nooksack 
River system. The lack of appreciable Mount Baker-area volcanic rocks in the outwash 
compared with the amount in the Nooksack River gravel indicates a Canadian 
provenance for the outwash. Also, the presence of quartzite in the Sumas outwash, 
abundant in the Hope, B.C., gravel but essentially absent from the Nooksack River 
gravels, points toward a British Columbia provenance. This result agrees with previous 
work by Easterbrook (1963) and Armstrong (1981).
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5. ROCK MAGNETISM STUDY
Magnetic susceptibility refers to the level of magnetization that a substance 
acquires after placement into a magnetic field. Magnetic susceptibility is expressed as 
the dimensionless ratio of the total magnetization of the grains to the intensity of the 
magnetic field. Researchers have used magnetic susceptibility measurements to study 
glacial stratigraphy (VonderHaar and Johnson, 1973), establish provenance for glacial till 
(Gravenor and Stupavsky, 1974; Chemicoff, 1984) and to test the effect of wind upon the 
distribution of magnetic minerals (Evans, 1999).
While magnetic susceptibility determines the level of magnetization of a given 
sediment, the Curie temperature reveals the minerals responsible for this magnetization. 
Curie temperature is the temperature at which a particular mineral looses its 
magnetization (e.g.. Curie temp, of magnetite = 585 degrees Celsius). Curie temperature 
analysis, still a relatively new technique in the field of glacial provenance study, has 
proved useful in determining the path of icebergs in the Atlantic Ocean by differentiating 
drift sediment originating in Greenland from drift sourced in Iceland (Stoner et al., 1995).
This study compares the levels of magnetic susceptibility between the Sumas 
outwash sites and the modem stream sites. Also, Curie temperature analysis may show 
different magnetic mineralogies for sites possessing similar levels of magnetic 
susceptibility. These two tests, taken together, complement the pebble count study by 
comparing the outwash between mapped units and determining if a relationship exists 
between magnetic properties of outwash and provenance.
Previous provenance study of the Sumas outwash included heavy mineral analysis 
of the matrix (Easterbrook, 1963). The techniques used included bromoform separation.
32
Frantz isodynamic separation, and mineral identification under a binocular microscope. 
The Frantz separation divided the heavy minerals on the basis of magnetic properties and 
established hematite as a mineral present in sediment derived from Mount Baker 
(Easterbrook, 1963).
5.1 Field Methods
Each site was sampled for the rock magnetism study. Sampling occurred in two 
ways. The first method, used primarily at gravel pits with fresh scarps (sites 1-5, 7-12, 
14-16, 18, 20, and 24) involved the scraping of the wall to release in situ sediment into a 
six ounce sample cup. The second method, used at sites without obvious scarps such as 
riverbed sites (sites 6, 13, 17, 19, 21-23, and 25), involved the collection of the material 
that fell through the sieves during pebble sampling. This alternative method, while not 
providing an in situ sample, allowed the sampling of the matrix corresponding to every 
pebble sample in the study.
Most sites provided sediment samples from below their oxidized soil beds. Sites 
15 and 24 were sampled within the soil beds, and the modem river sites were sampled at 
the surface. Gravenor and Stupavsky (1974) determined that minor oxidation does not 
affect magnetic susceptibility measurements but still sampled from below the oxidized 
zone wherever possible.
5.2 Lab Methods
5.2.1 Magnetic Susceptibility
In the lab, sample preparation included several steps. First, each sample spent 48 
hours in a drying oven at 60 degrees Celsius to eliminate water mass. After cooling, a 2 
mm sieve removed all gravel from the predominantly sandy matrix. Five specimens of
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that matrix were taken from each sample and placed into pre-weighed 2 cm plastic cubes; 
having five provided a measure of confidence against an anomalous measurement. The 
specimens, weighed to allow the calculation of magnetic susceptibility per gram and 
sealed with masking tape, were then ready for measurement.
Bulk magnetic susceptibility measurements took place three times for each 
specimen in the AMS Kappa Bridge at Western Washington University. The mean of 
these three measurements divided by the net mass of the specimen gave the mean 
magnetic susceptibility per gram. The weighted average of the five specimens provided 
the magnetic susceptibility of the sample.
5.2.2 Curie Temperature
Grinding with a mortar and pestle prepared each sample for measurement of Curie 
temperature. Each sample was ground to fine silt, 0.20 to 0.30 grams were weighed out 
and placed into a test tube, and the sample was heated to 700 degrees Celsius. The 
WWU Kappa bridge measured bulk magnetic susceptibility at approximately fifteen- 
second intervals during both heating and cooling of the sample. Nickel-magnetite 
standards, measured during both the May 2000 and July 2000 Curie temperature sessions 
(Figures 26 and 27), allowed calibration of the temperature. Also, a small amount (-0.25 
g) of aluminum oxide powder, placed in the test tube directly beneath the sample, 
reduced the effects of the temperature gradient within the oven. Figure 28 shows the 
Curie curve of the nickel-magnetite standard after the adjustment, falling to zero at 585 
degrees. The subtraction of the magnetic susceptibility measured in the empty WWU 
Kappa bridge provided net bulk susceptibility.
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5.3 Results
Table 4 lists the magnetic susceptibility results for each site, including 
calculations for mean and standard deviation. Figure 29 compares the weighted averages 
for each type of Sumas outwash unit (Haugerud, written communication, 1999) with the 
Nooksack River and the various source sites. Figures 30 through 53 show both the 
heating and cooling Curie temperature curves for sites 1 through 24, respectively. Note 
that the scale is different in each figure. Figure 54 shows the heating curve for site 25 
with a moving-average trendline. This trendline smoothes the background noise present 
in the Kappa bridge during the measurement of site 25. Figure 55 shows the heating and 
cooling Curie temperature curves of a sample of Mount Baker andesite.
5.4 Interpretation
5.4.1 Magnetic Susceptibility
The magnetic susceptibility of site 6, the Nooksack River site, is the highest of all 
of the sites in this study. The contribution of material from the Middle Fork, also 
possessing high magnetic susceptibility, may contribute to this abundance. The South 
Fork, possessing a much lower magnetic susceptibility than the other forks, is probably 
not a major contributor of magnetic minerals to the Nooksack River sediment. The 
relative lack of Mount Baker-area volcanic rocks in the South Fork, compared to the 
North and Middle Forks, may be the cause of the lower magnetic susceptibility for the 
South Fork sediment.
Although a general increase in magnetic susceptibility from older to younger 
outwash seems apparent (Figure 29), wide deviations within certain outwash units (e.g. 
Qs5cow) prevent a clear distinction between the Sumas outwash samples. The outwash.
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taken collectively, does not contain the abundance of magnetic minerals possessed by the 
modern-day Nooksack River. This disparity suggests a source other than the Nooksack 
drainage for at least some portions of Sumas outwash.
However, the magnetic susceptibility levels in the outwash also cannot lead to the 
definite conclusion of a Fraser River provenance. The sample taken at Hope, B.C., (site 
25), possesses a somewhat higher magnetic susceptibility than the Sumas deposits, 
comparable to the North and Middle Fork sites (22 and 23).
The sorting of magnetic mineral grains may have affected the magnetic 
susceptibility of the samples. Magnetite, the primary magnetic mineral both in the Sumas 
outwash and at Hope, B.C., (see section 5.4.2 below), is grain-size dependant. Multi- 
domain magnetite grains, possessing a high magnetic susceptibility, are larger than 
single-domain magnetite grains with a lower magnetic susceptibility. Slight differences 
in sediment sorting may have caused the variation in magnetic susceptibility levels 
among sites that possess similar Curie temperature curves.
Two locations show much lower magnetic susceptibility than either the Sumas 
outwash or the Nooksack River. The peat deposits and soil development within the 
channel of the Qs4ow unit (Haugerud, written communication, 2000) surrounding 
Tenmile Creek in Whatcom County (Figures 1 and 2) may have diluted sample 15. A 
high proportion of the clasts at site 14 is locally derived mudstone. If this mudstone lacks 
magnetic minerals, it could act as a diluting agent, reducing the impact of the magnetic 
minerals on the overall magnetic susceptibility of the matrix.
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5.4.2 Curie Temperature
The Sumas outwash samples, the Columbia Valley sample, the Hope, B.C. 
sample, and the South Fork valley sample all possess similar Curie temperature curves. 
The samples maintain magnetization until 580 to 600 degrees Celsius. At that 
temperature, bulk susceptibility quickly drops to zero. This behavior suggests a strong 
magnetite component within these sediments.
Sites from the modem Nooksack River, sites 6, 22, and 23 (Figures 35, 51, and 
52, respectively), exhibit much different Curie temperature curves than the other sites. 
The curve of site 22, the North Fork site, displays a gentle slope from a slight hump at 
300 degrees to 500 degrees. At 500 degrees, the curve steepens somewhat, finally 
dropping steeper still at 585 degrees. The Curie curve of the Middle Fork site, site 23, 
forms a hump at about 240 degrees, where it starts to lower gently until it reaches 500 
degrees. There it falls steeply but steadily until it reaches zero at 590 degrees. The site 6 
curve exhibits traits of both the site 22 and 23 curves. It displays the hump of site 23 at 
240 degrees, the gentle slope from 300 to 500 degrees, and the staggered drop above 500 
degrees, similar to site 22.
The drops around 500 degrees for sites 6, 22, and 23 could be due to the presence 
of either titanomagnetite or maghemite in the sediment. Maghemite, upon heating, will 
convert to hematite, resulting in a lower magnetic susceptibility. However, the cooling 
curves in Figures 35, 51, and 52 show equal or higher magnetic susceptibilities than their 
respective heating curves, possibly resulting from the creation of magnetite during the 
heating of the samples. Therefore, the probable cause of the drop around 500 degrees is 
the presence of titanomagnetite, most likely derived from mafic igneous rocks.
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Hematite, possessing a high (700 degrees Celsius) Curie temperature, does not 
appear in any of the samples. The lack of hematite in the Nooksack drainage sites, 
particularly sites 22 and 23, which possess a relatively high proportion of Mount Baker- 
area volcanic rocks, conflicts with Easterbrook’s (1963) use of hematite as a mineral 
indicative of sediment derived from Mount Baker.
Hematite also does not appear in the Mount Baker andesite sample, as determined 
by the Curie temperature curve in Figure 55. The heating curve shows a steady drop 
from 400 to 500 degrees Celsius, indicating the probable presence of titanomagnetite or 
hemoilmenite. The lack of magnetite, the dominant magnetic mineral in the Sumas 
outwash samples, suggests a source other than the Mount Baker area for the Sumas 
outwash deposits.
The magnetic complexity of the Nooksack, North Fork, and Middle Fork sites 
compared with the Sumas outwash sites suggests that the Nooksack drainage is not the 
primary source of the Sumas deposits. The curve for the Hope, B.C., sample (Figure 54) 
shows a similar magnetic mineralogy to the Sumas outwash, reinforcing the British 
Columbia provenance for the outwash determined by Easterbrook (1963), Armstrong 
(1981), and the pebble counts conducted for this study.
38
6. PALEOFLOW DIRECTION
Sedimentary structures such as crossbedding and pebble imbrication can be useful 
tools to determine flow direction during glacial outwash deposition. The ever-changing 
braided-stream system typically observed within a glaciofluvial environment contains 
channels flowing in many different directions simultaneously. The objective of this study 
is to establish a general sense of flow during the Sumas Stade by measuring multiple flow 
indicators within each suitable site.
6.1 Methods
Flow direction measurements took place wherever possible. Gravel pit sites with 
fresh scarps provided the most data. The first step involved the identification of 
crossbeds in the scarp. Careful excavation with a garden trowel added a third dimension 
to the linear trace of the dipping bed on the wall. This excavation enabled measurement 
of the true, rather than apparent, dip direction. A Brunton compass was used to measure 
the strike of a piece of cardboard wedged into the wall along the bedding plane of the 
cross-strata. The direction of dip in the cross-strata represents paleoflow direction. 
Individual imbricated pebbles proved too small to measure with adequate precision, and 
overall imbrication at a given location provided only a general sense of flow, rather than 
a particular direction.
6.2 Results
Thirteen outwash sites provided data for the flow direction study (Sites 1-5, 7, 9- 
12, 16, 18, and 20). These were all study sites located either in working or abandoned 
gravel pits. The computer program Stereonet plotted the rose diagrams for each site and 
calculated the mean direction, the correlation (R) of the data, and the 95% confidence
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cone. Figures 56-68 display the rose diagrams for the sites with mean direction and 95% 
confidence cones. Figure 69 is a map of the study area showing the mean paleoflow 
directions at the measured sites, located at the center of the arrows.
6.3 Interpretation
The combined flow direction data from several sites indicates a Sumas Valley 
glaciofluvial system. The combination of sites 3 and 5 to the south of Sumas and sites 7, 
9, 11, and 18 to the west suggest flow from the north and northeast. Sites 12 and 16 
exhibit flow directions from Sumas Valley northward toward the Fraser River Valley. 
Sites 1 and 10 (Figures 56 and 63) do not possess sufficiently distinct (R=0.088 and 
0.116, respectively) flow directions to plot with confidence.
Sites 2 and 4, located near Maple Falls, Washington, up the Nooksack River’s 
North Fork Valley, demonstrate westerly flow directions. This downvalley flow suggests 
an alpine influence on the outwash at these sites.
Site 20, located within the sinuous Qs3ow outwash channel (Haugerud, written 
communication, 1999), displays a southwesterly flow. Essentially, the outwash flowed 
down the channel.
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7. DISCUSSION
This study comprised an examination of Sumas outwash deposits as mapped by 
Ralph Haugerud (written communication, 1999). This examination included a pebble- 
count comparison between outwash units, a magnetic comparison of their matrix, and 
paleoflow direction analysis. The main points to be taken from this study include: the 
provenance of the Sumas outwash, the comparison with Haugerud’s map (written 
communication, 1999), and the probable history of the late Sumas Stade based upon the 
data collected during this study.
7.1 Provenance
The pebble count study suggests a British Columbia provenance for the Sumas 
outwash. The Curie temperature results, by showing a clear disassociation between the 
Sumas outwash and the Nooksack River gravels (except the South Fork), agree with the 
British Columbia provenance established both by this study and by previous work (e.g., 
Easterbrook, 1963). This agreement suggests that Curie temperature analysis can be a 
useful tool to establish provenance for glacial deposits. The flow direction data taken 
from sites within hierarchical group C indicate a more specific Sumas Valley source for 
the latest of the Sumas outwash.
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7.2 Sumas Outwash Groups
The following three groups of sites result from the hierarchical clustering analysis 
(Figure 25). The rock magnetism data do not reveal a clear distinction between these 
groups. Figure 69 shows the locations of these groups and displays mean paleoflow 
directions.
7.2.1 Group A
Group A corresponds with the primary Qs5ow outwash unit (Haugerud, written 
communication, 1999). All of the sites in group A (7, 10, 11, and 12) are 
compositionally similar and all but site 10 display flow directions originating from the 
Sumas Valley, with westerly flow at sites 7 and 11 and northerly flow at site 12. Site 10, 
located within a QsScow unit, shows random flow directions. The Curie temperature 
curve of site 10 (Figure 39) displays both a hump similar to that in results for sites 7, 11, 
and 12 at 300 degrees (Figures 36, 40, and 41, respectively), and a decrease in magnetic 
susceptibility between 500 and 575 degrees, similar to that shown for site 1 (Figure 30). 
These results for site 10, taken together, may reflect the depth at which site 10 was 
sampled. The gravel sample, taken near the bottom of a deep scarp, may be from the 
contact between Qs5ow outwash and the overlying Qs5cow outwash.
7.2.2 Group B
Group B is primarily the deposit containing sites 3 and 5 along the eastern side of 
Sumas Valley. Its compositional distinction may be due to its isolation, particularly from 
the influx of material from Sumas Mountain, B.C., or the valley extending from the north 
side of Sumas Mountain, B.C., to the Fraser River. The hierarchical clustering of the 
Nooksack River gravel with group B may reflect the integration of Sumas outwash
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deposits into the present-day river gravels. The flow direction of group B, however, 
points southerly from the Sumas Valley, indicating that valley as the immediate source.
Site 1, included in group B but located within the QsScow unit to the north of the 
Qs5ow unit containing sites 3 and 5, possesses the random flow direction pattern 
associated with ablating ice (Lawson, 1979). The clustering relationship between site 1 
and the rest of group B may reflect the southerly location of site 1 within its unit, 
providing for the influence of the Sumas Valley lobe on the deposition at site 1.
7.2.3 Group C
Group C represents the latest of the Sumas outwash studied. The two arms of 
group C both possess paleoflows indicating a Sumas Valley origin. The northern arm 
flowed into the Fraser River Valley, and the southern arm flowed southwesterly into 
Whatcom County.
These arms correspond with Qs6ow (Haugerud, written communication, 1999) 
with two exceptions. Site 9, located within the southern arm and mapped as Qs5ow 
(Haugerud, written communication, 1999), possesses a south-southwesterly paleoflow 
direction, similar to that measured at site 18. These paleoflows differ from the westerly 
paleoflow directions measured at Qs5ow sites 7 and 11. The hierarchical clustering also 
places site 9 tightly with Qs6ow sites 18 and 19. The paleoflow and clustering results, 
taken together, warrant the re-mapping of the Qs5ow unit containing site 9, using 
Haugerud’s nomenclature (written communication, 1999), as Qs6ow. The second 
exception is the QsScow unit represented by site 17, which clusters with site 16 prior to 
any other sites within the hierarchical clustering analysis. These sites, separated by 
Holocene alluvial deposits (Haugerud, written communication, 1999), most likely
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represent the same Qs6ow outwash unit subsequently decimated by post-glacial fluvial 
systems.
7.2.4 Other Sites
The Qs3ow (Haugerud, written communication, 1999) outwash differs slightly 
from the other three outwash groups of this study. Site 20, located within Qs3ow, relates 
more closely to group A than to the other groups but does not cluster with any group until 
the Hope, B.C., gravel (site 25) clusters with groups A and C. This clustering pattern 
suggests that site 20 is not as influenced by the local bedrock as the other Sumas outwash 
sampled during this study. The pattern also suggests that site 20 is less related to the 
Hope, B.C., gravel than to the three groups. This compositional individuality suggests 
that the Qs3ow relates to a different Sumas phase than the other sites. The low average 
magnetic susceptibility for Qs3ow may be due to the abundance of granitic rocks 
sampled at site 20. The direction of flow is as expected, given the sinuous channel-like 
shape of the Qs3ow unit.
Site 15, located within the Qs4ow deposit (Haugerud, written communication, 
1999) provided the lowest MS measurement of the study. This lack of magnetic minerals 
is probably due to the peat development at site 15. The morphology of the mapped 
channel, leading from southeast to northwest (Figures 2 and 69) and occupied by present- 
day Tenmile Creek, suggests a Nooksack source.
The moraine-like characteristics of site 8 (see section 3.1) suggest a change in 
nomenclature from Qs5ow (Haugerud, written communication, 1999) to Qs5bmo. This 
deposit is probably a continuation of the moraines mapped to the northwest. It possesses 
a higher magnetic susceptibility than the related outwash sites. Poorly sorted ice contact
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deposits typically possess fine material containing magnetite grains (0.061 - 0.150 mm 
(Stupavsky et al., 1976)). Fluvial systems, such as outwash systems, tend to sort out this 
fine material.
The composition of gravel of site 21, with weak connections to both group B and 
group C, does not lead to any strong conclusions regarding the site. However, the terrace 
containing site 21, perched above the Qs6ow deposit containing site 16, probably 
predated the incision and deposition of the material at site 16 (Figure 3). This 
chronological relationship between site 21 and the adjacent Qs6ow deposit eliminates site 
21 from group C and requires the inclusion of the site 21 unit with the QsScow unit of 
site 1.
Sites 2 and 4, farther up the Nooksack River Valley than the other outwash sites, 
possess compositions similar to the late Sumas outwash of group C but flow indicators 
pointing straight down the North Fork of the Nooksack River Valley. The deposits, 
perched above the upper limit of the Bellingham glaciomarine drift (up to -200 m 
(Easterbrook, 1963)), may be previously deposited continental Vashon Stade sediment 
left exposed by the sea-level fluctuations of the Everson Interstade (Easterbrook, 1963). 
The meltwater from retreating glaciers could have reworked the sediment, added 
Nooksack-sourced material and created the downvalley flow indicators.
7.3 Future Studies
As with all scientific studies, every answer brings with it new questions. With 
these questions come opportunities for further research. A similar study involving the 
early Sumas moraines, such as a comparison of similarly mapped moraines in British 
Columbia and Whatcom County, could provide further insight into the events of the early
45
Sumas Stade. A pebble count and rock magnetism study could determine the influence 
of the Mt. Baker source area on the moraines south of the Nooksack River. The magnetic 
analysis could include all of the Quaternary deposits in Whatcom County. Also, further 
provenance study employing Curie temperature as a diagnostic tool could confirm the 
utility of Curie temperature analysis as a way to determine the similarity of provenance 
between different Quaternary deposits.
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8. CONCLUSION
The following is a probable history of the Sumas Stade based on the findings of 
this project:
1. Early to mid-Sumas glacial advance, resulting in the Qs3ow outwash units from 
the advancing lobe from British Columbia.
2. Glaciers in the Nooksack drainage reworked previous Vashon sediment and 
entrained it into the outwash, and proglacial meltwater from the alpine system 
flowed into the Whatcom County lowlands, forming the Qs4ow alluvium unit.
3. The advance of continental glacial lobes through the Sumas Valley and the Fraser 
River Valley deposited proglacial Qs5ow outwash westward into the Abbotsford, 
B.C., and Sumas, WA, regions (group A), while entraining and reworking the 
Nooksack Valley sediment southward near the town of Nooksack, WA (group B).
4. The ablation of glacial ice to the southwest of Sumas Mountain, B.C., left a 
recessional outwash deposit (QsScow) partially overlying the eastern side of 
Qs5ow (group A).
5. The retreat of the Sumas Valley lobe resulted in outwash systems (Qs6ow; group 
C) cutting through previous deposits, both to the north of Abbotsford, B.C., along 
Sumas Mountain, B.C., and to the southwest in Whatcom County.
The results of this study generally agree with the sequence of Sumas events as 
mapped by Ralph Haugerud (written communication, 1999). The only modifications 
include the remapping of site 8 as a moraine and the retiming of sites 9 and 17 as Qs6ow 
(Figure 69). The data from sites 2 and 4 agree with the late glacial history of the North 
Fork Valley presented by Kovanen and Easterbrook (2001). The combination of three
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distinct types of analysis regarding the Sumas outwash, pebble counting, rock magnetic 
study, and paleoflow analysis, established both a provenance for the sediment and a 
relative chronology for late Sumas events. Curie temperature analysis, a nevi^ type of 
heavy mineral study, can help to compare the provenances of different Quaternary glacial 
deposits.
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Table 1. Site locations with map descriptions (*from Haugerud, written communication,
1999).
Site# Lat. (N) Long. (W) Mapped
Unit*
Map
Description*Deg. Min. Deg. Min.
1 49 1.10 122 16.61 Qs5cow outwash
2 48 54.91 122 7.08 (off map)
3 48 56.18 122 17.91 Qs5ow outwash
4 48 53.79 122 6.63 (off map)
5 48 56.00 122 18.53 Qs5ow outwash
6 48 55.14 122 21.91 (Nooksack R )
7 48 58.76 122 20.34 Qs5ow outwash
8 49 0.14 122 16.04 Qs5ow outwash
9 48 59.46 122 19.06 Qs5ow outwash
10 49 0.71 122 18.52 Qs5cow outwash
11 49 0.52 122 20.15 Qs5ow outwash
12 49 1.47 122 19.47 Qs5ow outwash
13 48 40.84 122 10.72 (South Fork)
14 48 58.17 122 9.85 (Columbia Valley)
15 48 51.06 122 24.39 Qs4ow alluvium
16 49 3.45 122 17.39 Qs6ow outwash
17 49 4.26 122 14.98 Qs5cow outwash
18 48 59.44 122 19.76 Qs6ow outwash
19 48 58.96 122 20.91 Qs6ow outwash
20 49 1.09 122 28.09 Qs3ow outwash
21 49 3.29 122 17.07 Qs5cow outwash
22 48 54.32 121 59.55 (North Fork)
23 48 47.07 122 6.85 (Middle Fork)
24 48 46.57 122 27.79 Qs3ow outwash
25 49 22.52 121 27.62 (Hope, B. C.)
*Q = Quaternary; s = Sumas Stade; number (e.g., 6) = phase of Sumas Stade (5c is a 
transition between phases 5 and 6); ow = outwash.
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Table 2. Pebble-count categorical data.
/
/Site // / 0-- .v ^ o o
^ -S’
$
■<$' A'
,‘D* (7i 4P" 4>w' -V
^ ^ ^ ^ 2^ Total
1 59 148 49 47 103 68 25 18 5 2 62 586
2 111 254 70 12 75 44 23 15 14 6 82 706
3 93 118 66 30 135 82 38 43 13 10 81 709
4 74 272 72 19 82 21 7 21 9 4 41 622
5 101 109 58 43 123 97 55 66 13 13 88 766
6 67 124 17 12 12 53 16 5 6 44 61 417
7 83 296 91 12 105 87 23 11 14 7 75 804
9 134 304 39 10 83 78 23 13 16 2 63 765
10 51 366 57 12 143 83 23 24 14 3 99 875
11 73 360 58 21 139 73 9 18 18 2 52 823
12 91 318 60 20 137 64 14 15 20 2 65 806
13 66 193 35 38 38 208 101 4 1 11 24 719
14 361 191 26 16 34 52 0 8 3 5 111 807
16 116 280 28 21 112 33 0 11 8 4 41 654
17 119 283 19 14 116 32 5 9 6 6 43 652
18 155 295 13 16 76 46 6 13 5 3 42 670
19 122 285 16 19 87 47 5 9 4 4 72 670
20 182 379 28 31 152 75 4 17 9 7 91 975
21 110 197 16 19 107 48 7 6 8 6 50 574
22 116 212 12 16 65 60 1 0 4 157 66 709
23 31 114 10 126 6 79 4 0 0 173 20 563
25 60 253 22 50 72 93 29 72 0 0 99 750
54
Table 3. K-means clustering results.
a) This table shows the individual clusters into which the sites gather during k-means 
tests using from three to eight k-means clusters.
b) Arrangement of sites using eight k-means clusters.
55
Table 4. Bulk magnetic susceptibility of the matrix at each site. Table 1 lists the 
location and the outwash unit or type of each site.
Site
Mean bulk MS 
(xl0"^m^/kg)
Standard
Deviation
1 224.15 25.54
2 249.75 72.19
3 122.31 3.59
4 213.33 31.33
5 164.07 19.45
6 732.50 27.70
7 172.11 5.18
8 321.44 6.69
9 255.16 22.60
10 211.65 23.55
11 178.30 13.48
12 234.39 34.60
13 124.16 21.93
14 73.31 9.63
15 53.32 1.54
16 228.70 11.64
17 421.34 50.53
18 118.13 8.58
19 195.65 18.82
20 185.64 35.02
21 191.64 14.93
22 284.18 11.24
23 534.02 .100.83
24 100.31 7.19
25 382.14 12.39
56
0 5 10 Miles
0 5 10 15 Km
Figure 1. General map of field area showing approximate site locations. 
Site 25 is located along the Fraser River approximately 50 km to the northeast 
of the map extent. Table 1 lists the precise locations of the sites.
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Figure 3. Cartoon representing outwash terrace development (modified from Lowe and
Walker, 1984)
59
Figure 4. North wall section of site 4 showing stratigraphic units.
Figure 5. Abrupt contacts between units B and C, and units C and D, site 4. Pencil
shows scale.
Figure?. Crossbedding at site 1. Notebook for scale.
62
Figure 8. Discontinuous fine stratum at site 2. Rock hammer at center bottom.
63
Figure 11. Low-angle wedge cross-stratification at site 7. Pencil for scale.
64
Figure 12. Cross-strata at site 9. Five-gallon bucket (0.5m high) for scale.
Figure 13. Graded bedding at site 10. Pencil for scale.
65
Figure 14. Cross-strata within sandy layers at site 11. Pencil at top center for scale.
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Figure 16. Scarp at site 14. Shovel and bucket for scale.
Figure 17. Five-meter thick silty clay deposit at site 16.
67
L
68
Figure 20. Terrace at site 21.
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Figure 22. Thin-sections of: a) blue chert, with quartz visible throughout the thin 
section; and b) argillite, with quartz veins present in a fine-grained matrix. Large circles 
are bubbles. Magnification = 25x. Cross-polarized light.
Figure 23. Thin-sections of: a) Mt. Baker-area andesite, with many small (<lmm) 
plagioclase phenocrysts; and b) a meta-andesite with larger (>lmm) phenocrysts. 
Magnification = 25x. Cross-polarized light.
Figure 24. Thin-sections of: a) unaltered granitic rock (tonalite); and b) slightly foliated 
granitic rock (striking from lower left to upper right). Magnification = 25x. Cross-
polarized light.
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Figure 25. Dendogram illustrating hierarchical clustering analysis of pebble samples 
with proposed late Sumas outwash groups A, B, and C. Each number represents its 
respective sample site as listed in Table 1.
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Figure 26. Nickel-magnetite Curie temperature standard (measured June 2, 2000).
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Figure 27. Nickel-magnetite Curie temperature standard (measured July 24, 2000).
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Figure 28. Nickel-magnetite Curie temperature standard with aluminum oxide buffer
(measured July 24, 2000).
75
800
Figure 29. Means and standard deviations of magnetic susceptibility data from mapped 
outwash units compared to sediment taken from Hope, B.C. (site 25), the Nooksack River 
(site 6), the Nooksack’s tributaries (sites 13, 22, and 23), and Columbia Valley (site 14). 
Outwash units are chronological, with Qs3ow being the oldest and Qs6ow, the youngest
(Haugerud, written communication, 1999).
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Figure 30. Adjusted Curie temperature curve of Site 1.
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Figure 32. Adjusted Curie temperature curve of Site 3.
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Figure 35. Adjusted Curie temperature curve of Site 6.
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Figure 37. Adjusted Curie temperature curve of Site 8.
80
M
ag
ne
tic
 S
us
ce
pt
ib
ili
ty
 (x
l0
 ‘ 
m
 ) 
M
ag
ne
tic
 S
us
ce
pt
ib
ili
ty
 (x
lO
50
Figure 38. Adjusted Curie temperature curve of Site 9.
Figure 39. Adjusted Curie temperature curve of Site 10.
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Figure 40. Adjusted Curie temperature curve of Site 11.
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Figure 42. Adjusted Curie temperature curve of Site 13.
800
Figure 43. Adjusted Curie temperature curve of Site 14.
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Figure 44. Adjusted Curie temperature curve of Site 15.
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Figure 46. Adjusted Curie temperature curve of Site 17.
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Figure 48. Adjusted Curie temperature curve of Site 19.
Figure 49. Adjusted Curie temperature curve of Site 20.
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Figure 50. Adjusted Curie temperature curve of Site 21.
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Figure 51. Adjusted Curie temperature curve of Site 22.
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Figure 52. Adjusted Curie temperature curve of Site 23.
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Figure 53. Adjusted Curie temperature curve of Site 24.
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Figure 54. Curie temperature curve of Site 25 with moving-average trendline
(period=10).
Figure 55. Curie temperature curve of Mount Baker andesite sample.
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Figure 56. Rose diagram of paleoflow measurements at site 1 with mean flow direction.
Figure 57. Rose diagram of paleoflow measurements at site 2 with mean flow direction
and 95% confidence cone.
90
NFigure 58. Rose diagram of paleoflow measurements at site 3 with mean flow direction
and 95% confidence cone.
Figure 59. Rose diagram of paleoflow measurements at site 4 with mean flow direction
and 95% confidence cone.
91
NFigure 60. Rose diagram of paleoflow measurements at site 5 with mean flow direction
and 95% confidence cone.
Figure 61. Rose diagram of paleoflow measurements at site 7 with mean flow direction
and 95% confidence cone.
92
NFigure 62. Rose diagram of paleoflow measurements at site 9 with mean flow direction
and 95% confidence cone.
Figure 63. Rose diagram of paleoflow measurements at site 10 with mean flow direction
and 95% confidence cone.
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NFigure 64. Rose diagram of paleoflow measurements at site 11 with mean flow direction
and 95% confidence cone.
Figure 65. Rose diagram of paleoflow measurements at site 12 with mean flow direction
and 95% confidence cone.
94
NFigure 66. Rose diagram of paleoflow measurements at site 16 with mean flow direction
and 95% confidence cone.
N
Figure 67. Rose diagram of paleoflow measurements at site 18 with mean flow direction
and 95% confidence cone.
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Figure 68. Rose diagram of paleoflow measurements at site 20 with mean flow direction
and 95% confidence cone.
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Appendix A
Bulk magnetic susceptibility data
Sample Mass (g) Bulk MS fxlO ^’m^)
gross net* Run 1 Run 2 Run 3 average per gram
1.1 11.44 7.1052 1434 1434 1432 1433 201.7
1.2 12.631 8.2962 2108 2110 2107 2108 254.1
1.3 12.59 8.2552 1763 1762 1761 1762 213.4
1.4 12.579 8.2442 1669 1668 1669 1669 202.4
1.5 12.636 8.3012 2068 2067 2067 2067 249.0
2.1 12.079 7.7442 2417 2413 2413 2414 311.8
2.2 12.972 8.6372 2464 2463 2458 2462 285.0
2.3 12.803 8.4682 1896 1892 1891 1893 223.5
2.4 8.309 3.9742 536.7 536.8 536.3 537 135.0
2.5 12.368 8.0332 2357 2358 2356 2357 293.4
3.1 10.509 6.1742 779.3 779.4 780.2 780 126.3
3.2 11.704 7.3692 873.8 874.2 873.9 874 118.6
3.3 11.497 7.1622 868 874.2 873.9 872 121.8
3.4 11.94 7.6052 957 956.3 956.2 957 125.8
3.5 10.961 6.6262 790.9 789.8 788.2 790 119.2
4.1 12.633 8.2982 1529 1528 1526 1528 184.1
4.2 11.672 7.3372 1466 1466 1466 1466 199.8
4.3 11.992 7.6572 1585 1583 1582 1583 206.8
4.4 12.235 7.9002 2106 2106 2105 2106 266.5
4.5 11.94 7.6052 1594 1592 1592 1593 209.4
5.1 13.178 8.8432 1365 1365 1365 1365 154.4
5.2 13.465 9.1302 1530 1527 1523 1527 167.2
5.3 12.179 7.8442 1498 1496 1497 1497 190.8
5.4 12.476 8.1412 1125 1126 1128 1126 138.3
5.5 13.503 9.1682 1556 1555 1554 1555 169.6
6.1 13.01 8.6752 6485 6490 6489 6488 747.9
6.2 12.273 7.9382 5891 5891 5888 5890 742.0
6.3 12.618 8.2832 6269 6266 6267 6267 756.6
6.4 11.72 7.3852 5067 5068 5066 5067 686.1
6.5 13.642 9.3072 6797 6792 6791 6793 729.9
7.1 11.504 7.1692 1186 1186 1186 1186 165.4
7.2 10.421 6.0862 1055 1055 1056 1055 173.4
7.3 9.698 5.3632 960.4 959.5 960.2 960 179.0
7.4 11.891 7.5562 1276 1276 1276 1276 168.9
98
7.5 10.478 6.1432 1068 1068 1068 1068 173.9
8.1 11.51 7.1752 2283 2282 2282 2282 318.1
8.2 10.653 6.3182 2042 2042 2041 2042 323.1
8.3 12.432 8.0972 2654 2655 2658 2656 328.0
8.4 11.676 7.3412 2397 2396 2396 2396 326.4
8.5 11.12 6.7852 2115 2114 2113 2114 311.6
9.1 11.547 7.2122 1551 1551 1551 1551 215.1
9.2 11.189 6.8542 1815 1814 1813 1814 264.7
9.3 11.763 7.4282 1938 1938 1939 1938 260.9
9.4 11.268 6.9332 1863 1865 1865 1864 268.9
9.5 12.785 8.4502 2250 2250 2249 2250 266.2
10.1 11.203 6.8682 1416 1416 1416 1416 206.2
10.2 11.194 6.8592 1485 1484 1486 1485 216.5
10.3 10.429 6.0942 1294 1294 1292 1293 212.2
10.4 9.916 5.5812 998.4 998.1 997.1 998 178.8
10.5 9.8 5.4652 1335 1337 1338 1337 244.6
11.1 12.999 8.6642 1704 1702 1701 1702 196.5
11.2 13.325 8.9902 1668 1666 1666 1667 185.4
11.3 13.748 9.4132 1609 1608 1608 1608 170.9
11.4 12.97 8.6352 1533 1533 1533 1533 177.5
11.5 13.329 8.9942 1451 1449 1451 1450 161.3
12.1 12.601 8.2662 1700 1701 1699 1700 205.7
12.2 12.615 8.2802 1717 1715 1716 1716 207.2
12.3 12.132 7.7972 2256 2253 2250 2253 288.9
12.4 12.323 7.9882 1789 1789 1788 1789 223.9
12.5 13.284 8.9492 2201 2204 2204 2203 246.2
13.1 12.138 7.8032 874.9 873.7 874.3 874 112.0
13.2 10.919 6.5842 727.8 725 723.8 726 110.2
13.3 13.167 8.8322 939.6 939.7 939.3 940 106.4
13.4 12.584 8.2492 1103 1104 1104 1104 133.8
13.5 12.076 7.7412 1227 1226 1226 1226 158.4
14.1 12.127 7.7922 576.5 576.4 575.9 576 74.0
14.2 10.483 6.1482 492.5 492.8 492.3 493 80.1
14.3 10.618 6.2832 512.5 513.2 512.7 513 81.6
14.4 11.949 7.6142 560 560 559.6 560 73.5
14.5 12.413 8.0782 463.4 462.9 463.1 463 57.3
15.1 8.823 4.4882 245.1 244.2 243.9 244 54.5
15.2 8.503 4.1682 228 227.8 227.7 228 54.7
15.3 8.685 4.3502 226.3 226.3 225.9 226 52.0
15.4 9.321 4.9862 256 256 255.9 256 51.3
99
15.5 9.045 4.7102 254.4 255.5 255.4 255 54.2
16.1 10.616 6.2812 1422 1423 1423 1423 226.5
16.2 11.951 7.6162 1611 1609 1609 1610 211.3
16.3 11.405 7.0702 1621 1618 1619 1619 229.0
16.4 11.944 7.6092 1853 1851 1852 1852 243.4
16.5 9.996 5.6612 1321 1320 1320 1320 233.2
17.1 11.817 7.4822 2837 2837 2838 2837 379.2
17.2 11.722 7.3872 3560 3558 3561 3560 481.9
17.3 10.702 6.3672 2345 2343 2343 2344 368.1
17.4 10.847 6.5122 2692 2689 2687 2689 413.0
17.5 11.918 7.5832 3525 3523 3521 3523 464.6
18.1 11.583 7.2482 866.5 866.8 866.5 867 119.6
18.2 11.044 6.7092 693.5 693.1 693.5 693 103.3
18.3 10.889 6.5542 823.1 822.5 822.5 823 125.5
18.4 11.74 7.4052 891.8 892 891.3 892 120.4
18.5 12.461 8.1262 989.6 990.2 990.1 990 121.8
19.1 11.577 7.2422 1377 1376 1376 1376 190.0
19.2 11.419 7.0842 1396 1397 1398 1397 197.2
19.3 11.059 6.7242 1200 1200 1200 1200 178.5
19.4 11.956 7.6212 1730 1731 1730 1730 227.0
19.5 11.509 7.1742 1332 1331 1330 1331 185.5
20.1 11.643 7.3082 1353 1350 1350 1351 184.9
20.2 11.484 7.1492 1723 1725 1726 1725 241.2
20.3 12.232 7.8972 1326 1327 1327 1327 168.0
20.4 11.545 7.2102 1058 1061 1059 1059 146.9
20.5 11.947 7.6122 1424 1426 1425 1425 187.2
21.1 11.75 7.4152 1349 1349 1348 1349 181.9
21.2 11.197 6.8622 1227 1228 1228 1228 178.9
21.3 12.073 7.7382 1663 1663 1662 1663 214.9
21.4 11.819 7.4842 1380 1380 1381 1380 184.4
21.5 12.583 8.2482 1634 1634 1635 1634 198.1
22.1 11.227 6.8922 1912 1911 1912 1912 277.4
22.2 12.199 7.8642 2283 2283 2284 2283 290.3
22.3 12.32 7.9852 2400 2399 2399 2399 300.5
22.4 12.584 8.2492 2313 2313 2313 2313 280.4
22.5 11.132 6.7972 1851 1851 1851 1851 272.3
23.1 11.675 7.3402 4069 4073 4070 4071 554.6
23.2 10.847 6.5122 3113 3113 3115 3114 478.1
23.3 11.708 7.3732 4787 4792 4798 4792 650.0
23.4 10.842 6.5072 3871 3869 3871 3870 594.8
100
23.5 10.143 5.8082 2283 2280 2279 2281 392.7
24.1 8.713 4.3782 396.2 395.6 395.7 396 90.4
24.2 9.261 4.9262 538.7 538.9 538.8 539 109.4
24.3 9.406 5.0712 504.8 505.9 506 506 99.7
24.4 8.791 4.4562 434.5 434.8 434.1 434 97.5
24.5 9.946 5.6112 586.4 586.8 587.2 587 104.6
25.1 12.089 7.7542 3000 3001 2998 3000 386.8
25.2 11.094 6.7592 2479 2478 2476 2478 366.6
25.3 12.556 8.2212 3226 3220 3222 3223 392.0
25.4 12.257 7.9222 3120 3122 3119 3120 393.9
25.5 11.325 6.9902 2597 2597 2595 2596 371.4
* average mass of five empty cubes = 4.3348g
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Appendix B
Compass measurements of paleoflow directions (by site)
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Appendix C
Site contact information
Site Ownership Contact person and/or phone
1 Abbotsford, B.C.
L
3 Gailen Hoy 360-966-5298
4 Trillium Corp. 360-676-9400
5 Concrete NW Brad 360-734-1956
o
7
8
9
Aggregates West Mark 360-966-3641
Stremler Gravel Virgil Stremler 360-354-8585
10 Little Rock
11 Builder’s Choice 604-853-4861 604-534-8811
12 Fraser Valley Ag Gary Breaks 604-576-1361
13 Concrete NW Brad 360-734-1956
14 Whatcom County
15 Shuksan Golf Club
16 Masterfoods
17
18 Marty VandeHoef 360-988-5123
19 Mark (last?)
20 Aldergrove, B.C?
21 Abbotsford Christian School
22
23
24 BellinghamAVhatcom Co. ?
25
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